In this work, the first-ever reported nanocomposite electrode of nitrogen-doped graphene-titanium oxynitride (NG-TiO x N y ) for capacitive deionization (CDI) was synthesized via hydrothermal reaction and a high-temperature nitridation process. The physiochemical characterizations revealed that the nitrogen was doped in the graphene structure mainly in the form of graphitic nitrogen and the TiO x N y was successfully formed via TiO 2 nitridation process. The layered NG nanosheets facilitated the diffusion of ions in saline water and formed electrical double layer on the surface of the electrode material, while the presence of TiO x N y enhanced the electrochemical performance by increasing surface area and generating surface vacancies via nitridation. The CDI cell employed NG-TiO x N y electrode delivered a breakthrough salt adsorption capacity of 26.1 mg g À1 in 500 mg L À1 saline water, and retained over 90% of its initial salt removal efficacy after 12 regeneration cycles. Such high CDI performance exhibits the promising application of NG-TiO x N y as a novel CDI electrode candidate.
Introduction
Obtaining fresh and clean water is one of the most urgent environmental problems in the 21 st century. 1 An effective solution for increasing the fresh water supply is to develop sustainable desalination technology, which can treat brackish and saline water. 2 However, traditional water desalination techniques including distillation, reverse osmosis, and vacuum evaporation are approaching their limitations as they require high operating temperature, huge energy consumption, and large capital cost. 3 Alternatively, capacitive deionization (CDI) has become one of the most promising solutions for water desalination, 4 which works by separating and adsorbing ions on each electrode. It has the advantageous nature of high efficiency, low cost, low energy-consumption, ambient atmosphere operation, and environmental-benignity. 5 The electrode material in a CDI cell plays a pivotal role in determining the desalination performance. 6 Currently, most reported and commercialized CDI electrode materials are based on various kinds of novel porous carbon electrodes. [7] [8] [9] [10] [11] [12] [13] [14] Graphene, as a novel two-dimensional carbon nanomaterial, has been widely used as the electrode materials in batteries and supercapacitors due to its high electrochemical performance and large surface area. [15] [16] [17] [18] [19] [20] Its heteroatom-doped derivative, especially nitrogen-doped graphene (NG), has also been investigated as electrode materials to achieve even better electrochemical performance in batteries and supercapacitors as opposed to graphene due to nitrogen-doped active sites and enhanced electrical conductivity. 21, 22 It is also worth to notice that it is reported that by nitrogen doping, the NG achieved signicantly high adsorption capacity in CDI test. [23] [24] [25] [26] [27] [28] On the other hand, titanium oxynitride (TiO x N y , where x and y stand for the unspecic atom ratios of oxygen and nitrogen to titanium, respectively) and/or titanium nitride (TiN) can be fabricated into nanomaterials and used as electrodes materials in batteries and supercapacitors with enhanced electrochemical performance and wettability. [29] [30] [31] Additionally, with various morphologies, various Ti species and excellent electrical performance, TiN and/or TiO x N y can be used as additives to enhance the performance of graphene nanosheets by forming nanocomposites. 32, 33 Moreover, our previous research disclosed that the porous TiN/TiO x N y had shown excellent performance as the CDI electrode material. 34 However, there is no reported nanocomposites of NG and TiO x N y that have been synthesized and used as CDI electrode materials. Therefore, it is highly promising to prepare this kind of hybrid material and investigate its potential performance in CDI devices for water desalination.
In this study, a rst-ever reported nanocomposite electrode of nitrogen-doped graphene-titanium oxynitride (NG-TiO x N y ) was synthesized via the hydrothermal reaction and high-temperature nitridation process and then tested for CDI. The physiochemical characterization results demonstrated the successful formation of nitrogen-doped-sites on the graphene nanosheets and the TiO x N y nanoparticles embedded on the graphene nanosheets. The multi-layered graphene structure and TiO x N y nanoparticles allowed the saline water stream to pass through and facilitates a fast ion diffusion process to form the electrical double layer (EDL) at the electrode interface of both the graphene layers and TiO x N y nanoparticles. As a result, the NG-TiO x N y electrode delivered a signicantly higher salt removal efficiency than the commercial AC, pure rGO and rGO-TiO 2 electrodes in single-pass CDI test ( Fig. 1 ). Furthermore, the electrode reached a maximum salt adsorption capacity of 26.1 mg g À1 in 500 mg L À1 feed in saline water. The electrode material also exhibited great regeneration capacity and long-life cycling stability. The overall superior results demonstrated that the NG-TiO x N y could be an ideal CDI electrode material candidate.
Experimental

Synthesis of TiO 2 nanoparticles
The synthesis procedure of the polystyrene (PS) nanosphere is adapted from the literature. 35 First, 2.5 g polyvinylpyrrolidone (PVP, M.W. 10 000) was charged in a three-neck ask that contains 200 mL boiled distilled deionized water (oxygen-free DDI). Aer PVP was fully dissolved, the ask was placed in an oil bath with N 2 gas purging under the surface of the solution to expel the oxygen in the system. As the temperature was elevated to 70 C for 15 min, styrene monomer (24 mL) was gradually added into the ask for 20 min with vigorous stirring and reuxing. Then, the potassium persulfate (40 mL, 5 mg mL À1 ) was dropwise added into the mixture, and the emulsion polymerization was continued under an air-free atmosphere at 70 C for 24 h. The PS emulsion was centrifuged and washed with DDI water for several times. Then, aer 3 days' freeze-drying, the PS nanospheres were obtained. Titanium(IV) butoxide (TBOT, 97%, 10 mL), ethanol (>99%, 10 mL), and hydrochloric acid (37%, 2 mL) were mixed with a volume ratio of 5 : 5 : 1 and stirred for at least 30 min. Meanwhile, 2 grams of the PS nanosphere was sonicated and redispersed in 20 mL ethanol. The PS nanosphere ethanol dispersion was then added into the TBOT solution and the mixture was sonicated until it turns light yellow aer 30 min [36] [37] [38] Aer drying the sol-gel in ambient conditions overnight, the composite sample was loaded into a tube furnace and subjected to sequential heat treatments at 300 C for 1 h and 540 C for 30 min under argon atmosphere to form the TiO 2 nanoparticles.
Synthesis of NG-TiO x N y
In this study, the GO and TiO 2 were mixed in designed mass ratios (1 : 1, 2 : 1, and 3 : 1) in a beaker with 400 mL DDI water and thoroughly stirred for over 24 hours. Then, the mixed solution was sealed in an autoclave and hydrothermally treated for 12 h at 180 C. The hydrotreated product was then centrifuged at 2500 rpm and separated from the solution. Subsequently, the product was washed by DDI water and centrifuged several times. The obtained product was then oven dried at 60 C for 12 h, and then transferred to a vacuum oven and fully dried. Thus, in this step, GO was reduced to rGO 39 and the obtained composite is denoted as rGO-TiO 2 for comparison.
The dried composite was transferred to a ceramic boat and was subjected to heat treatment from room temperature to 800 C with a ramp rate of 1 C min À1 under argon ow. Then, the atmosphere was switched from argon to ammonia aer the temperature reached 800 C and was kept at 800 C for 1 h to proceed the nitridation. Then, the sample was cooled down until room temperature in argon.
Physicochemical and electrochemical characterization
The crystal structure property of the electrode material was characterized by X-ray diffraction (XRD, RIETVELDXRG 3000) and the chemical composition was characterized by X-ray photoelectron spectroscopy (XPS, Thermo Scientic K-Alpha spectrometer) at University of Waterloo. Sample morphology was examined using scanning electron microscopy (SEM, ZEISS ULTRA PLUS), and transmission electron microscopy (TEM, Carl Zeiss Libra 200MC STEM).
The crystallite size was calculated according to the Scherrer equation, given in eqn (1):
where s is the dimension of the crystallites; K is a dimensionless shape factor, approximately 0.89; l is the wavelength of X-ray, which is 1.54Å; b is the line broadening at half the maximum intensity, which is 0.185; and q is the Bragg angle. Cyclic voltammetry (CV) measurements were employed for evaluating the electrochemical performance of the CDI electrode and its adsorption/desorption capacity. The CV experiment was performed in a three-electrode system, which employed a carbon electrode as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode in the NaCl electrolyte solution. Reversible Hydrogen Electrode (RHE) were used to calibrate the SCE electrode in a pH ¼ 7 NaCl solution, as shown in Fig. S1 in the ESI. † The actual potential was calibrated by add 0.5 V to the original value, where the potential range from À1 V to 0 V is corresponded to the actual potential range of À0.5 V to 0.5 V, representing both the cathode and anode adsorption processes. The experiment was conducted using an EC-lab SP-300 working station under the sweep rate range of 5-50 mV s À1 in 0.1-1 mol L À1 NaCl solution. The value of specic capacity of the prepared materials was calculated by integrating the area of the CV curve, using eqn (2):
where C s is the specic capacitance (F g À1 ), I is the current (A), v is the scan rate (mV s À1 ), Dv is the applied potential window (mV), and m is the electrode material mass (g). Electrochemical impedance spectroscopy (EIS) measurements were carried out at frequencies ranging from 100 kHz to 1 Hz. The amplitude of the alternating voltage was 10 mV, and the direct current potential was 0 V vs. open circuit potential.
CDI test
The synthesized NG-TiO x N y electrode material with different mass ratios was mixed with PTFE and conductivity carbon (Super P) with a mass ratio of 8 : 1 : 1. The electrode material was dried in a vacuum oven and pressed on metal mesh with copper current collectors. Each plate had an effective surface area of 4 cm 2 and was separated by glass ber with 5 mm space. Saline water with the salinity of 100-500 mg L À1 was fed into the cell by a peristaltic pump (Baoding Lange) and passed between two electrodes under the owrate from 10-30 mL min À1 , and the potential from 0.8-1.2 V applied on each side. The salinity of the outow water was measured by a CON6+ conductivity meter, and the raw data was converted into salinity using the calibration curve in Fig. S2 . † The salt removal efficiency is calculated using the following eqn (3):
The salt adsorption capacity (SAC) was obtained using eqn (4):
where the C 0 is the initial concentration of the saline water, and C e is the real-time concentration of the desalinated water. The maximum salt adsorption capacity is dened as the C e at the lowest salt removal efficiency. m is the total mass of both electrodes and V is the real-time total saline water volume. The salt adsorption rate (SAR) was calculated using eqn (5):
where t is the time corresponding to the SAC during the CDI desalination process.
Result and discussion
The XRD patterns of the synthesized NG-TiO x N y , rGO-TiO 2 , and rGO are shown in Fig. 2a . For both NG-TiO x N y and rGO- (Table S1 †), further proving the low degree of nitridation. [40] [41] [42] The XRD results prove the presence of various Ti species, including both the anatase-phase and rutile TiO 2 and the existence of TiO x N y crystal phase. Based on previous reports, both anatase and rutile phase TiO 2 can have a positive effect on increasing the ion adsorption by increasing the wettability and forming a more cohesive EDL. 38, 43 The calculated average size of the TiO x N y nanoparticles was 43 nm. Such small size of nanoparticles can potentially provided more active sites for ion absorbing and forming the EDL on the surface of the nanoparticles. 43, 44 The BET analysis (Fig. 2b) shows a typical type IV isotherm curve, further conrmed the existence of the mesoporous structure with the pore distribution around 18 nm. Compare with the rGO-TiO 2 ( Table 1 ). The nitrogen doping process dramatically increased the BET surface area and the pore volume. The increase of the BET surface area is attributed to the loaded TiO x N y nanoparticles with small crystal size and could be further explained by the surface vacancies generated during the ammonia heat treatment, which may result in a positive effect on ion absorbing. 45, 46 The SEM images in Fig. S4 † at 1 mm magnitude indicates the layered structure of the graphene nanosheet. The layered nanosheets provide a relatively large surface area for interaction between liquid and solid as well as enough space for the saline water to pass through and assisted the ion diffusion process. Fig. 2c shows the TiO x N y nanoparticles attached to the graphene nanosheet layer. The TiO x N y nanoparticles provides the space for the formation of cohesive electrical double layer for ion absorbing. Fig. 2d is the TEM image of the synthesized NG-TiO x N y , which indicates the layered nanosheets of the graphene. Furthermore, the TiO x N y nanoparticles embedded on graphene the layer further allows the absorption of saline water into the electrode structure, which extended the electrodeelectrolyte interface into NG-TiO x N y and minimized the distance of ion diffusion between the electrode surface and the saline water during the electrosorption process.
The elemental mapping (Fig. 3) suggestes the homogenous distribution of the elements of the NG-TiO x N y at 5 mm magnitude. The EDX mapping spectra reveales the mass ratio generally follows the rGO : TiO 2 ¼ 2 : 1 as initial. Nitrogen accounts for 13.40% atomic percentage (Fig. 3b) , demonstrating the nitrogen-enriched doped surface, which furthers the surface absorbing capacity. 46, 47 To further study the chemical composition of the NG-TiO x N y electrode material. X-ray photoelectron spectroscopy (XPS) was utilized, as shown in Fig. 4 . The wide survey of the NG-TiO x N y , as shown in Fig. S5 , † exhibits several main peaks assigned as Ti 2s, O 1s, Ti 2p, N 1s, C 1s, Ti 3s, and Ti 3p, respectively. The high resolution XPS spectrum of O 1s in Fig. 4a can be deconvoluted to Ti-O, C-O, -OH and O-C]O peaks, respectively. The formation of hydrogen bonds with water further enhanced the wettability of the electrode and had a positive effect on the ion storage process in the electrode material. 48, 49 The XPS spectrum of C 1s scan in Fig. 4b is deconvoluted to the peaks of sp 2 C]C at 284.8 eV, sp 3 C-C peak at 286.8 eV, they are assigned to the C] C/C-C bond on the graphene aromatic ring. The peak at 287.4 eV and 289.2 eV are assigned to C]N and C-N bonds. Both demonstrate the successful nitrogen doping on the aromatic rings of graphene layer. The nitrogen conguration of the graphite layer can possibly result in a stronger binding energy with the ions in the electrolyte and enhancing the surface ion retention capacity. 50 Additionally, it is also reported the NG contributed to better wettability of the electrode material. 51 Thus, the presence of nitrogen doping graphene can be possible contributing to a higher salt adsorption capacity. 52 The carbon-oxygen peak at 291.3 eV is signicantly diminished compared with the reported GO C 1s spectra, 53 which can be attributed to the reduction of oxygen on the GO nanosheets during the hydrothermal treatment. The nitrogen-doped graphite potentially contributes extra salt adsorption capacity during the CDI process by creating the surface vacancies. 54 The XPS spectrum of N 1s scan is presented in Fig. 4c , where the main peak at 396.3 eV and the peak at 397.4 eV assigned to Ti-N and Ti-O-N conrm the successful nitridation process of the Ti species. Such formation of the Ti-N and Ti-O-N bonds resulted in various Ti species, providing possibility for cation intercalation within the chemistry bonds and increased its adsorption capacity. 33, 55 The peaks at 398.6 eV and 400.8 eV further conrm the pyridine and graphite nitrogen doping sites. Fig. 4d illustrates the XPS spectrum of Ti 2p scan. The peaks at 458.8 eV and 456.8 eV are assigned to the Ti-O and the N intercalation into TiO 2 lattice or the formation of TiO x N y , respectively. 56 Both the N 1s scan and the Ti 2p scan conrmed the existing of oxygen and nitrogen species and the formation of oxynitride group in the TiO x N y , which is corresponded with the results in XRD analysis. The various Ti states of Ti potentially facilitate fast oxidation/reduction surface faradaic reactions during the electrochemical charge and discharge process, which provide an opportunity to effectively improve the specic capacitance and ion adsorption capacity. 57 Through the analysis of atomic percentages of different Ti species from the Ti 2p scan (Fig. S6 †) , the value of O/Ti ratio (x) is calculated as 0.66 (Table S2 †) . Thus, the composition of titanium compounds in this NG-TiO x N y nanocomposite (rGO : TiO x N y ¼ 2 : 1 (w/w)) can be estimated as TiO 0.66 N 0.61 .
The CV curves were obtained at a wide range of scan rates ( Fig. 5a ) and in NaCl electrolyte solution with 3 different concentrations ( Fig. 5c ). All the CV curves of NG-TiO x N y are symmetric with respect to the x-axis and no signicant oxidation/redox peaks were observed, indicating the reversibility of the EDL formation process dominated the electrosorption processes on the surface of the fabricated electrodes. 58 As calibrated in Fig. S1 , † the symmetric CV curve shape of the CDI electrode is ranged from À0.5 V to 0.5 V in actual, which indicates the electrode has the adsorption capacity for both Na + and Cl À . To evaluate the electrochemical performance, the specic capacitance was calculated from the I-V plots, as shown in Fig. 5b . The specic capacitance ranges from 84.3-66.5 F g À1 as the scan rate increased from 10 to 50 mV s À1 . The decrease in the specic capacitance is possibly due to the charge-resistive behavior when the scan rate increased. 59 The mass ratio of N-doped graphene : TiO x N y is approximately 2 : 1, which results in a signicant decrease of specic area and electrochemical active area as opposed to sole N-doped graphene and a further decrease of specic capacitance. 46, 60, 61 Fig. 5c shows the I-V curves for electrolyte solutions with concentrations of 0.1 mol L À1 , 0.5 mol L À1 , and 1 mol L À1 . Higher concentration of the electrolyte solution increased the mobility of the ions, while facilitated the formation of EDL on the electrode surface more easily. 62 Thus, the specic capacitance, ranging from 66.5-28.5 F g À1 , increased as the electrolyte concentration increased. In Fig. 5d aer 5000 CV cycles with at the scan rate of 50 mV s À1 , the NG-TiO x N y electrode retained 90% to its initial capacitance, demonstrating its excellent electrochemical stability. Fig. 5e presents the comparison of NG-TiO x N y with commercial AC electrode, pure rGO, and rGO-TiO 2 (initial mass ratio 2 : 1). As can be seen from the gure, NG-TiO x N y showes higher specic capacitance at the scan rate of 50 mV s À1 than the AC, rGO and rGO-TiO 2 electrodes. The higher capacitance can be attributed to the nitrogen-doped sites on the graphene layer and the surface vacancies generated during the Ti species nitridation. 46, 63 Electrochemical Impedance Spectroscopy (EIS) analysis, which is usually used for evaluating the electrical conductivity of electrode materials, was performed to further investigate the electrochemical properties of the synthesized NG-TiO x N y . The Nyquist plots for the electrode material are shown in Fig. 5f , where the typical semicircles can be observed, representing low resistance of the electrode/electrolyte interface and its high capacitance. The slope aer the semicircle indicates the formation of the electrical double layer on the surface of the electrode material. 49 Compared with AC, rGO, and rGO-TiO 2 electrodes, the higher slope and smaller semicircle of NG-TiO x N y indicates its higher diffusion coefficient and smaller diffusion resistance for the adsorbed ions. 64 Such phenomena can be explained by the formation of the surface oxygen vacancies and the capacitance from oxygen vacancies ion adsorption during ammonia heat treatment. 65 The whole CDI process can be seen in Fig. S6 . † The mass ratio graphite and Ti species were optimized by preliminary desalination experiments using different rGO : TiO 2 mass ratios as shown in Fig. 6a . Compared to the pristine rGO, rGO-TiO 2 , and AC, the NG-TiO x N y material exhibited signicantly lower salt retention rate, which is less than 50% at 25 min. The higher performance of NG-TiO x N y can be attributed to the enhanced ion absorbing capacity due to the nitrogen doping process with higher binding capacity between nitrogen doping sites and the ions, 33, 46 which is also corresponded with the better electrochemical performance. Furthermore, the higher CDI performance of the electrodes aer nitrogen doping can be explained enhanced ions storage capacity in the surface vacancies formed during the ammonia heat treatment. 54 The optimized initial mass ratio of rGO : TiO 2 ¼ 2 : 1 was chosen for further study. Compared with rGO-TiO 2 (initial mass ratio 2 : 1), the n-doping and nitridation process signicantly enhanced the salt adsorption capacity of the NG-TiO x N y CDI electrode material. The dramatically high salt efficiency of NG-TiO x N y can be attributed the multi-layered graphene nanosheets facilitated the rapid liquid diffusion; higher specic capacitance and the surface adsorption and ion intercalation within the Ti-O-N lattice. 57,66 Fig. 6b-d shows the Ragone plots of SAC vs. SAR under different working conditions. 67 In all the three tests, the SAC increases rapidly during the rst 5 min and gradually reached saturated aer 25 min, while the SAR follows the same pattern. Fig. 6b shows the batch-mode CDI test was performed at 10 mL min À1 ow rate with 100 mg L À1 NaCl solution. The SACs reaches equilibrium approximately 8.1 mg g À1 , 9.6 mg g À1 , and 12.8 mg g À1 with cell voltages of 1.2-0.8 V at near saturated adsorption, respectively. Meanwhile, the SAR of each group at initial stage reached 0.7-0.95 mg g À1 min À1 . The increase in the SACs and SARs indicated that the salt adsorption capacity was strongly depended on potential applied on the cell, which will result in a more cohesive electrical double layer and enhance the ion absorbing capacity. 68 In Fig. 6c , the SACs were obtained with 10 mL min À1 ow rate and 1.2 V while the salinity of the pumped-in water concentrations ranges from 100-500 mg L À1 . Despite the increase in saline water concentration, the electrode maintained its salt adsorption capacity, demonstrating the possibility of its application in high salt concentrations treatment. At the salt concentration of 500 mg L À1 , the salt adsorption capacity reached a breakthrough SAC of 26.1 mg g À1 at its near saturation adsorption. It is also worth to mention the SAR of 500 mg L À1 saline water group reached as high as 1.8 mg g À1 min À1 , which is considerable high SAR compared with previous reports. 67 Fig. 6d shows the SACs for different ow rates (10-30 mL min À1 ) at 1.2 V and salt concentration of 100 mg L À1 . The SAC curves have a similar trend as the previous experiments, and the SACs were 12.6-7.0 mg g À1 while the SARs were 0.95-0.45 mg g À1 min À1 at near saturated adsorption, respectively. The relatively smaller SAC declines when performing the CDI test in higher owrates enabled its potential in fast water desalination. Fig. 6e shows the current-elapsed time curve, which directly corresponded to the conductivity and salt removal efficiency curve by measuring the current at the outow stream. The potential applied to the CDI cell shied from 1.0 V to À1.0 V at 25 minutes. The current curve quickly dropped in the rst 10 minutes, and then reached the lowest current at 25 minutes. The conductivity of the outow water recovered slightly and reached the saturation point of ions adsorption. The potential was shied at 25 minutes, resulting in a rapid increase in reverse current, showing the release of ions from the porous electrode. The negative current then decreased aer a few minutes, which indicated that the reverse adsorption process occurred. The rapid charge and discharge performance of the NG-TiO x N y electrode demonstrated its great potential in ad/desorption potential. In Fig. 6f , the regeneration test was performed using NaCl saline water with 10 mL min À1 ow rate and 100 mg L À1 salt concentration and repeated chargedischarge cycles for 30 minutes. The salt removal efficiency remained at 90% of its original capacity for over 12 cycles which is superior than most reported titanium-based CDI electrodes. 43, 69 The stable cycling stability demonstrated that the synthesized NG-TiO x N y has an excellent potential for longtimecontinuous desalination application. Compared with several reported porous carbon and titanium-carbon electrode materials (Table 2) , the NG-TiO x N y material in this work exhibites signicantly higher salt adsorption capacity.
Conclusions
In this work, we successfully synthesized a novel type of nitrogen-doped graphene-titanium oxynitride (NG-TiO x N y ) nanocomposite electrode via hydrothermal reaction and hightemperature nitridation process and then tested for CDI. The physical and chemicalcharacterization revealed the nitrogen was successfully doped onto the graphite layer and formed various species of nitrogen-doped carbon. Additionally, the TiO x N y nanoparticles were also formed and embedded on the graphene nanosheets. Further study revealed the ammonia treatment and the loaded TiO x N y nanoparticles gave the electrode better electrochemical performance and extra ion absorbing capacity compared with graphene and TiO 2 based CDI electrodes. Consequently, the multi-layered graphene nanosheets allowed the saline water stream to pass through the electrodes and absorbing ions in both the surface of nitrogendoped graphene and TiO x N y nanoparticles. In the batch mode CDI test, the NG-TiO x N y electrode-based CDI device exhibited a signicantly high salt adsorption capacity of 26.1 mg g À1 at its near saturated adsorption using 500 mg L À1 feed-in saline water. In the cycling stability test, the NG-TiO x N y electrode lasted for over 12 cycles while retaining over 90% of its original salt removal capacity, furthers its great potential in long-time continuous CDI application.
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